Introduction
Metallothioneins are a class of low molecular weight, cysteine-rich proteins binding heavy metal ions and have been found in various organisms (1, 2) . Protective effects of the thioneins against acute effects of heavy metal toxicity on the activity of the certain SH-containing enzymes (3) , on the RNA synthesis with isolated nuclei (4) , and on the other functions (1,5) have been discussed. On exposure of eucaryotic organisms to heavy metals, such as Cd, Zn, and Cu, the thioneins are inductively synthesized and bind to heavy metals for detoxification.
In microorganisms, Saccharomyces cereviciae and Neurospora crassa synthesize much smaller proteins on the exposure to Cu, and these small proteins still indicated the properties of thioneins. When fission yeast Schizosaccharomyces pombe is grown in the presence of high concentration of CdC12, large amounts of Cd-binding peptides, Cd-BP1 and Cd-BP2, are inductively synthesized. These peptides are composed of the unit peptide (cadystin), Cd and the labile sulfide, and are much smaller than mammalian Cd-thioneins. However, these small peptides have shown some characteristics similar to those of the mammalian metallothionein, for example, high metal content, no aromatic amino acid or histidine, high cysteine content, .and optical features characteristic of metal thiolate. In fact, these are the same characteristics described in the definition of metallothionein (1, 2) .
Experimental Induction of Cd-BPs
The fission yeast strain Schizosaccharomyces pombe L972 (h-) was a gift from Dr. K. Yoshida of The Biological (a) (c) aMT-I and MT-II represent mouse (C57BL/6J) metallothioneins I and II, respectively. These were purified according to Tsunoo et al. (12) . bThe amounts of Cd-BP1 and Cd-BP2 were determined with molar extinction coefficients at 250 nn of E2 = 24,800 and E25 = 11,400 (13) ,
respectively. The amounts of mouse metallothioneins I and II were determined from absorbance at 250 nm using the data of Tsunno et al. (12) . cAcid-labile sulfide was determined according to King and Morris (14) except for 14 ,ug of Cd2+ was added to each standard Na2S reaction mixture.
dThe efficiency of labile sulfide detection was 0.81 in the presence of Cd2+.
from the mercaptide bonds with Cd, in the region of CdBPs increased with time, indicating accumulation of these peptides. The amount of Cd-BPs per cell, in the case of 1 mM CdCl2 induction, increased for 10 hr, then remained constant (Fig. 1 ). This means that it takes about 10 hr to synthesize the saturating amount of CdBPs in the cell with 1 mM CdC12 induction. This is consistent with the time taken to get the maximum Cd uptake per cell, implying cellular Cd uptake is allowed as long as Cd-BP synthesis continues.
Constituents of Cd-BPs
To prepare enough amounts of Cd-BPs for characterization of physical and chemical properties, purification steps by Sephadex G-50 SF gel filtration and by KCI gradient elution from DE52 column were employed. Homogeneity of purified Cd-BPs was verified by paper electrophoresis at pH 6.5 of performic acid-oxidized Cd-BP1 and Cd-BP2 (6) and amino acid analysis of Cd-BPs (Table  1 ). Molecular weight estimation on a Sephadex G-50 SF column with protein markers (7) indicated 4000 for Cd-BP1 and 1800 for Cd-BP2 (6, 8) . The molecular weight of the performic acid-oxidized Cd-BP1 was estimated to be 950 by Bio-Gel P4 gel ifitration in 6 M guanidine-HCl (6) (Fig. 2) . The latter result indicates that the molecular weight of the unit peptide comprised in Cd-BPs is about 800. This molecular weight coincides closely with the minimum molecular weight, 771, calculated from the results of amino acid analysis ( amino-terminal amino acid, Glu, we presumed that Cd-BP1 and Cd-BP2 consist of the same peptides, which were named later as cadystin (9) and the amino acid sequence was also determined as y-GIu-Cys--y-Glu-Cys--y-Glu-Cys-Gly (10) (Fig. 3) . Thus, it is assumed that 4 mole of unit peptide (cadystin) forms Cd-BP1 with 6 gatoms of Cd and 2 mole of cadystin forms Cd-BP2 with 2 g-atoms of Cd per mole, respectively. Cd-BP1 also contains 1 mole of the acid-labile sulfide per mole (11) , and on the other hand Cd-BP2 contains no labile sulfide (Table  2) . These findings on the constituents of Cd-BP1 and Cd-BP2 are summarized in Table 3 .
Characteristics of Cd-BPs
Cd2 can be dissociated by acid treatment (pH 2) from
Cd-BPs and can be bound again to the peptides by neutralization in the presence of excess Cd . While the reconstituted complex in the presence of labile sulfide indicated partial reconstitution of Cd-BP1 (11), the reconstituted complex without labile sulfide showed characteristics of Cd-BP2. As shown in Figure 4 , Cd-peptide complex in the presence of labile sulfide gained on Cd-BP1 in the molecular weight, and contained Cd2+ and the labile sulfide. The UV spectrum of Cd-BP1 shows a distinct shoulder at 265 nm and differs from those of Cd-thioneins from mouse and other sources, whereas the reconstituted complex in the absence of labile sulfide shows a spectrum similar to that of mouse Cd-thionein, especially with respect to the ratio of A250 to A280 as shown in Figure 5 , which is the same UV spectrum as that of Cd-BP2. On the other hand, the UV spectrum of the Cd-peptide complex reconstituted in the presence of acid-labile sulfide differs from that of Cd-BP2 or mouse Cd-thionein (Fig.  6) , and also from that of Cd-BP1. The content of labile sulfide per unit peptide was about 4-fold that of Cd-BP1 and indicates that this Cd-peptide complex is quite different from Cd-BP1 in the configuration and in the mercaptide bond formation. These observations indicate that the conversion of Cd-BP1 to Cd-BP2 in vitro can be achieved completely by the release of labile sulfide and that the reverse reaction is still incomplete (11) .
In the CD spectrum of Cd-BP1 (Fig. 7) , negative bands at 235 nm and 257 nm and positive bands at 215 nm and 275 nm are observed. The reconstituted complex in the absence of labile sulfide also shows bands at 215 nm and 257 nm as shown in Figure 7a but has lost the band at 275 nm. Since the bands at 257 nm and also at 275 nm in Cd-BP1 disappear completely when Cd-binding bonds in Cd-BP1 are broken by acid treatment (pH 2), by EDTA addition to 1 mM, by dithiothreitol addition to 25 mM, or by pCMB (p-chloromercury benzoate) titration, these Cotton effects must be attributed to the asymmetric interaction of the unit peptide with Cd2+. The extrinsic Cotton effects at longer wavelength probably show that metal ions bind to specific sites in Cd-BP1 and Cd-BP2 (15) . On the other hand, Cd-thionein from mouse ( Fig. 7b) as assumed in the case of [2Fe-2S] ferredoxin (18) (19) (20) . The CD band at 275 nm of Cd-BP1 could be derived from the Cd-S cluster as described here, or from the participation of glutamic acid residues in tetramerization of cadystin in the presence of Cd2" as indicated in the case of the storage form of bovine insulin (21) .
From differences in molecular weight, contents of Cd per unit peptide (and also SH/Cd ratio), and UV and CD spectra, it is concluded that Cd-BP1 and Cd-BP2 bind Cd2" in different forms, that is, one species of peptide binds Cd2" in two kinds of molecular forms (6, 8, 9) .
Induction and Complex Formation of Cadystin with Other Metal Ions
Induction of cadystin synthesis is almost exclusive with Cd, but as the exception a small amount of cadystin is inductively synthesized by the addition of higher concentration of CuCl2 (2.5 mM). The molecular weight of Cucadystin complex was estimated to be 3000, because the eluting position from Sephadex G-50 SF column was just behind Cd-BP1 and ahead of Cd-BP2 (Fig. 8) . The UV spectrum of this natural Cu-cadystin complex was similar to that of Cd-BP1 (Fig. 9) . The reconstitution of the Cu-cadystin complex in vitro from free cadystin and Cu(I) or Cu(II) ion was tried, but the complex could not be observed in the analyses by Bio-Gel P2 column. Cu ions. Cu(I)-or Cu(II)-replaced complexes were isolated by use of a Bio-Gel P2 or Sephadex G-10 column, and the UV spectra were determined (Fig. 9) . While UV spectrum of the Cu(I)-replaced complex was similar to that of the natural Cu-cadystin complex, the spectrum of the Cu(II)-replaced complex was similar to that of Cd-BP2. UV spectra of these complexes imply that the natural Cu-cadystin complex is very likely formed with Cu(I). The Zn(II)-cadystin complex showed the same UV spectrum as that of Cd-BP2, on the other hand, the Co(II)-cadystin complex had a unique spectrum (Fig. 10) , indicating a somewhat different structure from the Zn(II) complex and Cd-BP2. These observations indicated that %ul) a F.
cadystin can form complex with other heavy metals by the mercaptide bonds and/or other unknown binding.
Concluding Remarks
Cd-BPs induced in fission yeast differ from Cu-thionein in Saccharomyces cerevisiae or Neurospora crassa, and also from Cd-thioneins in mammals in many respects including the subunit structure, the occurrence of labile sulfide as a constituent of Cd-BP1, and a new mode of metal binding in Cd-BP1, which is more efficient than that in Cd-thioneins in mammals (1.5 mole Cd2+/3 mole Cys vs. 1 mole Cd2+/3 mole Cys). The 275 nm positive band in Cd spectrum of Cd-BP1 must have some kind of relation with this different mode of metal binding.
The lack of free Cys residues and disulfide bridge and the absorption shoulder at 250 nm of Cd-BPs are indicative of the existence of Cd-thiolate bonds. On the basis of these findings it is proposed that the models for Cdbinding peptides from fission yeast are as shown in Figure 11 . Cd-BPs fulfill the characteristics for metallothioneins (1) , that is, they are low molecular weight peptides with high affinity to heavy metals, and contain the unique amino acid composition (high content of Cys, no aromatic amino acid nor histidine), and show characteristic extrinsic Cotton effects.
Since it is comparatively easy to synthesize chemically a small peptide like cadystin, the application of cadystin in detoxification for the acute poisoning of heavy metals has been considered (13) .
